Approximately 382 million people worldwide have diabetes, 1 half of the prevalent cases are not known or diagnosed, half of those diagnosed are not treated, and half of those treated are not controlled. 2,3 One of the reasons for poor treatment compliance is injection anxiety causing 20% of insulin users to sometimes skip their injections, and 10% to restrict their number of injections. 4 As many as 94% of insulin users exhibit symptoms of anxiety, distress, or phobia around blood and injury from injections, 5 22% of insulin users have to mentally prepare themselves for injections, 6 and 33% of insulin users dread their injections. 7 This underlines why it is of high importance to develop needle designs that cause as little fear, injury, and pain as possible.
healing due to anatomical and biological similarities to humans. 19 The magnitude of tissue trauma can be evaluated based on manual stereology of histological slides, through semiquantitative methods, or by automatic analysis of digital images [20] [21] [22] where stains are used to detect specific cells of interest. For example, analyzing the presence of white blood cells (WBCs) in the tissue is one commonly used inflammation marker. 23 Even though histology is a well-known method for assessing tissue reactions, it is a cumbersome and timeconsuming analysis that is very examiner dependent and requires careful planning to avoid bias due to the many manual handling steps.
When mechanical trauma from an insulin pen needle insertion is applied to the skin, several biological responses occur, including release of histamine and nitric oxide. 24 Because histamine and nitric oxide both act as vasodilators, 24, 25 it is likely that an increase of blood perfusion at the site of needle insertions could be a valid indirect measure of needle trauma.
Laser Doppler flowmetry has been demonstrated as a method to assess microvascular response after needle insertions in the skin. 26 Laser speckle contrast analysis (LASCA) is a further development of the laser Doppler technology, [27] [28] [29] and is experimentally and clinically used to evaluate the skin blood perfusion in animal models and humans with, for example, microvascular diseases, such as scleroderma, 30 for identification of revascularization in skin grafts, 31 and for measurement of skin burns, 32 all with high reproducibility. 33 The aim of this study is to evaluate if skin penetration with incremental needle diameter relates to skin blood perfusion measured with LASCA in pigs. Because it is well established that skin penetration with incremental needle diameter results in incremental penetration pain in humans, a positive relation between needle diameter and skin blood perfusion in pigs would indicate that this method could potentially be a novel method to obtain an easy and fast estimate of human injection pain, generated by using animal models. The findings will be supported by evaluating automated quantification of needleinduced tissue bleeding and inflammation by histology.
Methods

LASCA Study
The neck areas of 7 pigs (Landrace, Yorkshire, and Duroc, LYD) of similar weight (approximately 80-90 kg) were shaved the day before the needle insertion experiments. This was done to remove the thick and stiff bristles which otherwise could influence the optical signal. On the day of the studies, the pigs were sedated with a Zoletil mixture (see Table 1 ) given intramuscularly with a dose of 0.1 mL/kg. When sedated, the pigs were placed on the side with the neck facing upward. Propofol (Propolipid 10 mg/mL, Fresenius Kabi AB, Bad Homburg, Germany) was administered intravenously with 2-3 mL every 20 minutes or as needed. The experiments were carried out with a view to meet the LASCA experimental recommendations outlined by Mahé et al 34 to minimize procedure responsible variation in the recordings. The experimental circumstances are outlined in Table 1 .
The LASCA scanner (Pericam PSI, Perimed, Stockholm, Sweden) was placed above the skin, allowing a measurement area of 12 × 12 cm. A baseline of 3 minutes was recorded to control for variations in baseline values between pigs and Up to 9 needle insertions, or needle hub "skin touches", were performed for each recording with a specially designed multineedle insertion device that secured simultaneous insertions in equal skin depths of 6 mm. No compound was injected. Immediately after needle removal, the recording was resumed and continued to record for 20 minutes. Considering that the procedure was repeated for both neck sides of the pig, the 20 minute signal recording was chosen since it secured an ethically sound sedation time of approximately 1 hour for each pig.
Based on experience, a large difference between the control needles and smaller differences between the test needles could be expected, thus 9 needle insertions with each of the control needles and 25 insertions with each of the test needles were planned.
Histology Study
To support the observations made from the blood perfusion recordings, a parallel study with the purpose of analysis by histology was carried out on biopsies of needle-inserted neck tissue of 4 LYD pigs. Pilot experiments revealed that the red blood cells (RBCs) and WBC in damaged tissue provided strong signals after 1 hour and 24 hours, respectively. Twentyfour biopsies extracted after 1 hour were processed: 4 biopsies from insertions with 18G needles, 8 biopsies from insertions with 28G needles, 8 biopsies from insertions with 32G needles, and 4 biopsies without needle insertion (negative controls). For feasibility reasons it was chosen to leave out the 30G needle from this part of the experiment. Same amount and grouping of biopsies extracted after 24 hours were processed.
Ten tissue slides of approximately 2 × 1 cm were produced from each biopsy to represent each needle insertion. The slides were sliced perpendicular to the skin, were 5 µm thick, and were sliced with 25 µm separation. Immunohistochemical (IHC) staining was performed with antihemoglobin (AHG) primary antibodies (ab82871, Abcam, Cambridge, UK) staining RBC (tissue bleeding) on the 1-hour biopsies, and CD45 primary antibodies (ab10558, Abcam, Cambridge, UK) staining WBC expressing the CD45 antigen (immune response) on the 24-hour biopsies.
LASCA Data Analysis
LASCA results are expressed as arbitrary perfusion units. 34 The baseline recording of each measurement was used to make a perfusion unit baseline reference with which each recorded signal perfusion unit in the 20-minute signal was compared. Thus, the final data set was expressed as a percentage of the baseline.
Increasing the time of interest (ie, the number of averaged time steps) decreases the variability of the measurements 35 and cancels out minor animal movements and breathing artifacts. The blood perfusion data were therefore averaged in 5-second intervals since this was the approximate breath cycle time of the sedated pigs.
Regions of interest (ROIs) were fitted around all insertion sites, measuring the signals for each needle insertion. The calculated value of a ROI is defined as the average of all the pixel perfusion values in the skin area of interest, 34 thus it is important to choose a ROI size that contains the majority of the signal without being too large so that small signals "disappear." On this basis, circular ROIs of 10.0 mm in diameter were chosen.
The blood perfusion graphs were grouped by needle type and averaged. Moreover, the area under the curve (AUC) was calculated from 0 to 20 minutes after the needle insertions. The grouped AUCs for each needle type revealed to be log-normal distributed within the groups, and statistical analysis (Fisher's least significant difference test) was thus performed on log-transformed data.
Histology Data Analysis
Slides were scanned into 20× magnification, high-resolution images with NanoZoomer (version 2.0 HT, Hamamatsu, Hamamatsu City, Japan) and then analyzed using MATLAB® (MathWorks, Natick, MA, USA). Based on thresholding, morphological masks, and blob detection, segmentation of the scanned slide images was performed to locate tissue bleeding and immune response, see example in Figure 1 . To reduce the image size while keeping the information about the cells of interest, a subfield image was constructed by moving a 250 × 250 pixels (approximately 0.5 × 0.5 mm) mask across the image and counting the number of pixels segmented to be the cells of interest inside each subfield. This count was then assigned to be the value of the subfield. By doing this, an intensity image was constructed, see Figure 2 . Each intensity image was divided into 3 ROIs. The 2 lateral ROIs were used to calculate baseline background values and these values plus 2 standard deviations defined the threshold for signal counts in the center ROI. Image-to-image registration was used on images originating from the same tissue. A quantitative measure of the cells of interest was obtained for each needle insertion and compared with analysis of variance.
Results
Skin Blood Perfusion
The final data output consists of 118 individual responses representing the percentage change in skin blood perfusion from baseline over time from each needle insertion. Figure 3 shows the averaged blood perfusion profiles for each needle group. All groups reach maximum within the first minute after needle insertion. The 18G needle (positive control) insertions result in the highest response with a peak blood perfusion increase of 39.9% ± 13.7 (mean ± SD) in the ROI around the insertion site. The 28G, 30G, and 32G needle groups create peak increases of 23.6% (± 14.0), 18.7% (± 14.4), and 15.6% (± 14.1), respectively. The hooked 32G needle group produces a peak increase of 27.3% (± 20.7). The mere touch of the needle hub on the skin creates an increase of 4.9% (± 5.4), but this signal vanishes after about 2 minutes. In contrast, the signals from the other groups are still increased compared to baseline 20 minutes after needle insertion.
The AUC data of the blood perfusion responses reveal statistically significant difference of the positive and negative control groups compared to all other data groups (Figure 4 ). The 28G needle group and the 32G hooked needle group AUCs are both significantly larger than the 30G and 32G needle groups.
Cellular Response
The quantitative measures of IHC stained RBCs and WBCs are seen in Figure 5 . It is seen that the positive and negative controls provide the highest and lowest cell quantifications, respectively. Insertions with the 28G needles provide nonsignificant but slightly higher cell quantifications compared to the 32G needles. Figure 1 . Each summed image contains 10 segmented and subfield divided histology slides. Each image is divided into 3 areas, 2 lateral and 1 center area. The mean value of the subfields in the 2 lateral areas represents the baseline value of the tissue. The signal is found in the center area, where the signal threshold is defined as the baseline value plus 2 standard deviations. The number of subfields qualifying as signal subfields is defined as the signal count of the center area.
Discussion
Laser speckle technology is a novel method for quantification of the skin blood perfusion after insulin pen needle insertions. Using this method on animals could be an indirect way to perform needle testing in a faster and cheaper way compared to clinical trials, while also having the advantage of data being objectively quantifiable.
It was observed that the skin blood perfusion reacts rapidly to mechanical stress and reached maximum within the first minute. The peak within the first minute differs from the results measured by Rayman et al, 26 where the peaks occurred after 10-15 minutes. One explanation to this could be biological differences between human and porcine skin. Another explanation could be that the laser Doppler flowmetry used in the study by Rayman et al has a point illuminated probe which measures blood flow in deeper tissues compared to the whole-field laser speckle imaging. 36 If the majority of the immediate cellular response to tissue damage occurs in the superficial part of the skin, and the LASCA scanner covers a more superficial, but greater surface area compared to the point-illuminated laser Doppler probe, then this could be the reason for a faster response. Nevertheless, the 2 measurement methods are very different, and the results are difficult to compare directly, but they both support the hypothesis that it is possible to assess skin blood perfusion after needle insertions using a surface measurement method.
The response of the hooked needles is initially a little higher than the 28G needles, but the 2 groups have comparable AUC calculations. Interestingly, the hooks were approximately 0.15 mm, making the cross section diameter of the needle 0.38 mm, which is very close to the diameter of the 28G needle. This supports that the skin blood perfusion is related to the amount of damaged tissue. Even though there is not a significant difference between the AUCs of the 30G and 32G needles, a clear trend of lower blood perfusion is observed with the 32G needles, but a higher sample size would be needed to reliably detect a difference of that magnitude.
Twenty minutes after needle insertion the blood flow was still increased from baseline, which is concordant with observations by Rayman et al where preliminary studies indicated that the blood flow would return to normal over a period of 2 to 3 days. 26 In theory, LASCA could be run for as long as signal is present, but this is limited by the ethical recommendations of total sedation time of the pig. However, it is assessed that the results are valid in terms of demonstrating significant differences in peak blood flow and AUC.
In the histology study, the 18G needle insertion calculation of RBC was statistically significant different from the other data groups, whereas statistical difference was not achieved between the other data groups. This experiment was performed to support the LASCA findings, and despite the low power due to the small sample size and expected high variance, there is still a nonsignificant trend of increased cellular response with increased needle diameter supporting the validity of the LASCA findings.
Propofol and Sedator (Medetomidin) are both known to induce cardiovascular effects, [37] [38] [39] and even though the 2 drugs in combination reduce the effects, 40 it must be assumed that the anesthetized pigs are subject to some residual cardiovascular effects, and we cannot rule out an influence of this on our results. However, it is assessed that a potential residual cardiovascular effect would equally influence all measurements, and that the potential drift in actual values would not have had an impact on the results in terms of demonstrating significant differences in peak blood flow and AUC.
The multineedle insertion device was used to insert all needles simultaneously in a skin depth of 6 mm. The 30G and 32G needles were 6 mm long to begin with, so at insertion, these pen needle hubs must have contributed with a part of the total signal, which is most likely similar to the magnitude of the isolated "Hub" signal (please see Figure 3 ). The needle hubs of the 12 mm × 28G needles were elongated to shorten the needle cannula length, so the signal from the 28G needles also contains a signal from the hub which is assumed to be of the same magnitude as the others. The 18G needles were the only cannulas not mounted in a regular pen needle hub, and even though the insertion device secured insertion lengths of 6 mm, this needle had no needle hub touching the skin. Thus, the initial peak of the 18G graph could potentially be slightly higher if this cannula was placed in a pen needle hub. However, the signal from the actual hub group is very limited compared to the signal from the 18G needle, and it is assessed that this would not have influenced the results.
The needle insertion device was handheld, and therefore not with controlled needle insertion speed for all needle insertions. However, all insertions were performed by the same experimenter to standardize it as much as possible. A previous study indicates that needle insertion speed does not influence the frequency of, or degree of, painful ratings by human subjects, 12 and therefore we do not expect that small variations in needle insertion speed would influence the LASCA measurements. However, for a more controlled repeated experiment, it could be of interest to use a mechanically controlled insertion device.
Future Implications
It is well established that pain perception in humans relates to needle diameter. [11] [12] [13] Thus, the fact that the magnitudes of the blood perfusion graphs obtained in animals also rank according to needle diameter, could potentially indicate that this method can be used as an indirect pain perception measurement. This hypothesis, however, needs to be validated in future studies.
This study was conducted to measure the blood perfusion increase as a result of needle insertion only, thus, it does not assess the potential increase that, for example, an insulin injection would induce. In addition, as the LASCA scanner measures blood perfusion in the superficial part of the skin, and because insulin is injected into the subcutaneous tissue, it is unknown if and how much a subcutaneous injection would affect the LASCA signal. However, this is a potential topic for future research.
Conclusions
A novel method for a quantitative biological assessment of pen needle induced tissue trauma has been introduced with the present study using LASCA technology supported by histology with cellular quantifications of RBCs and WBCs.
The results demonstrated a positive relation between needle diameter and skin blood perfusion measured with LASCA, which was supported by histology in pigs. The response caused by simulated misused 32G needles corresponds to that of 28G needles, which are both significantly larger than 30G and 32G needles. These results show that LASCA can be used as a method to objectively quantify skin trauma differences between different types of needles in a cheaper, faster way than clinical trials. In addition, the results could potentially indicate that this method can be used as an indirect pain perception measurement.
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